Giardia duodenalis is an ubiquitous flagellate that infects humans and many species of animals. This species exhibits great biotypic and genetic diversity. In the present study, we established short-and long-term in vitro cultures of G. duodenalis trophozoites originating from red deer and Thomson's gazelle (artiodactyls) and genetically characterised the isolates by their glutamate dehydrogenase and triose phosphate isomerase gene sequences. The G. duodenalis isolates from red deer and the gazelle represented assemblages A (AIII sub-assemblage) and B. In conclusion, G. duodenalis assemblages and sub-assemblages can be associated with differences in growth rate in vitro cultures.
Giardia duodenalis (syns. G. intestinalis, G. lamblia) is an ubiquitous flagellate that infects humans and many species of animals. This species exhibits biotypic and genetic diversity; eight assemblages (A-H) have been defined (Ryan and Cacciò 2013) . These assemblages differ in host specificity: assemblages A and B are found in both humans and animals, whereas C and D occur mainly in canids, E in livestock, F in cats, G in rodents, H in marine mammals. Moreover, molecular studies have shown significant genetic variability within each assemblage Ryan 2008, Sprong et al. 2009 ). Studies of biological differences among Giardia isolates depend on the availability of in vitro trophozoite cultures. However, establishing and maintaining in vitro cultures of G. duodenalis trophozoites has been difficult and sometimes involve complex procedures (Bénéré et al. 2010) . Nevertheless, axenic in vitro cultures of Giardia isolates are the best source of organisms without bacterial and/or fungal contamination, which is crucial for many reasons; e.g., antigen and antibody production, isolation of attenuated strains for vaccine development, drug susceptibility determinationdifferentiation between susceptible and resistant isolates, comparison of whole genomes of parasite isolates belonging to different assemblages, and for studying host-parasite interactions (Visvesvara and Garcia 2002) . To date, most of Giardia isolates that have been maintained in axenic cultures originated from humans. Relatively few isolates from animals could be established in such cultures, particularly for those from artiodactyls (Kiorpes et al. 1987 , Karanis and Ey 1998 , Bénéré et al. 2010 . The aims of present study were (i) to establish in vitro cultures of G. duodenalis trophozoites originating from two species of artiodactyls: red deer (Family: Cervidae) and Thomson's gazelle (Family: Bovidae) and (ii) to genetically characterise these isolate.
Cysts were recovered from fecal samples of Giardia infected wild red deer (C. elaphus) and Thomson's gazelle (G. thomsonii) from Poznan Zoological Garden and purified by using sucrose gradient centrifugation technique (Meyer 1976) . Cysts were excysted using a slightly modified method of Bingham and Meyer (1979) ; cysts were incubated in 1% pepsin saline at pH 2.0, washed and inoculated on to culture medium. The BI-S-33 medium supplemented with bile, l-cysteine-HCl (total 0.2%), 250 U/ml penicillin, 250 μg/ml strep-*Corresponding author: psolar@ump.edu.pl Piotr Solarczyk et al. 764 tomycin, 50 μg/ml gentamycin, and 10% heat-inactivated bovine serum was used for axenic cultivation of Giardia (Keister 1983) . The preparation of medium, incubation of inoculates and maintenance of the cultures were performed as described previously (Kasprzak and Majewska 1985) . Cultures were incubated at 37°C in 15 ml screw-cap tubes in a horizontal position and observed daily for the presence of Giardia trophozoites attached to the tube wall by use of an inverted microscope.
Adherent trophozoites were detached from the tube walls by immersing the tubes in an ice-water bath for 10 min and shaking in a micro-shaker for several seconds; then, the cells were harvested by centrifugation (500 g, 10 min). The cell pellet was re-suspended in 200 μl of PBS (pH 7.0). Total genomic DNA was extracted directly from trophozoites of both Giardia isolates maintained in axenic culture. FastDNA kit (BIO101, Vista, California, USA) was used for extraction of the Giardia DNA (da Silva et al. 1999) . Eluted DNA was purified by using the QIAquick PCR purification kit (Qiagen, Hilden, Germany). Genes encoding glutamate dehydrogenase (gdh) gene and triose phosphate isomerase (tpi), which nested-PCR primers were used for genetic characterisation. A 430-bp fragment of the gdh gene was amplified using two forward GDHeF and GDHiF primers and one reverse GDHiR primer, and a 530-bp fragment of the tpi gene was amplified using the primers AL3543 and ALAL3546, and primers AL3544 and AL3545 (Read et al. 2004; Sulaiman et al. 2003) . Amplification was done in 25 μl final volume of the following reagents: 1.5 mM MgCl 2 , 0.6-1 μM of each primer, 0.2 mM of each deoxynucleotide triphosphate, and 0.5 U of AmpliTaq Gold DNA polymerase. PCR was done in a GeneAmp 2400 thermocycler. A negative control consisting of a reaction mixture without DNA template was included. As a positive control, Giardia DNA was extracted from cultured trophozoites of the Portland 1 reference strain. PCR products were sequenced in both directions using the ABI Prism 3130 XL BigDye v3.1, Terminator Cycle Sequencing with the same set of primers. Both sequences were analyzed using the Chromas and MEGA v.4.0 programs (Tamura et al. 2007) . A phylogenetic analysis of sequence data was constructed using the neighbor-joining algorithm. Distance-based analyses were conducted using Kimura 2-parameter distance estimates using alignments obtained from ClustalW. Bootstrap values were calculated by the analysis of 1,000 replicates of the phylogenetic tree.
In the present study, G. duodenalis isolates originating from red deer (RDP132) and Thomson's gazelle (TGP130) were established in axenic cultures. However, the axenic culture of Giardia isolate from red deer was short-lived. We observed some differences during attempts to establish the axenic cultures of both Giardia isolates (Table I) . Since after first re-inoculation, most trophozoites from representing RDP132 did not attach to the tube wall and their number constantly decreased, this axenic culture was discontinued after two weeks.
Establishing in vitro cultures of Giradia trophozoites from fecal cysts is still quite challenging. According to some authors, axenization of G. duodenalis is a complex process because the microenvironment within a host is considerably more complex than that in a test tube (Andrews et al. 1992 , Binz et al. 1992 . There are few studies concerning in vitro cultures of Giardia isolates obtained from wild and domestic artiodactyls. To date, axenic cultures of Giardia have been established only from isolates obtained from cattle, sheep and llamas (Kiorpes et al. 1987 , Karanis and Ey 1998 , Buret et al. 1990 , Bénéré et al. 2010 . As far as we know, this is the first report of axenic cultures of G. duodenalis originating from red deer and Thomson's gazelle. However, clear biological differences between both Giardia isolates in their ability to grow in axenic culture were observed, and these phenotypic differences might relate to their assemblage assignment.
Amplicons of 430-bp of gdh and 530-bp of tpi were obtained from both Giardia isolates. Sequencing of these amplicons did not reveal multiple peaks in the chromatograms. Nucleotide sequence of the gdh marker from the red deer isolate was identical to that of Giardia from roe deer (Capreolus capreolus) (NLR118, DQ100288), cat (Felis catus) (Swecat 171, EU769223) and the red deer (JC002, HM150751) (van der Giessen et al. 2006 , Lebbad et al. 2010 , Solarczyk et al. 2012 . Moreover, the gdh sequence from the red deer Giardia isolate also displayed 99% identity with the sequences of the same marker from cattle (K4016, DQ182607) in Denmark and had two single-nucleotide polymorphisms (SNPs) (Langkjaer et al. 2007) . Sequencing also showed that the tpi sequence was identical to the sequence of Giardia from deer (OS1704, KC282978) in Australia, red deer (C. elaphus) (JC002, Culture and genotyping of Giardia from artiodactyls 765 HM150750) and cat (F. catus) (Swecat171, EU781002) (Lebbad et al. 2010 , Solarczyk et al. 2012 , Nolan et al. 2013 . Thus, the Giardia isolate from red deer RDP132 was designated as the (cervid-specific) sub-assemblage AIII. Sequence analysis of the TGP130 gdh gene fragment found that it was identical to sequences of Giardia isolates obtained from animals, such as ring-tailed lemur (Lemur catta) (14LC, HQ616623) in Spain (Martinez-Diaz et al. 2011) , brown howler monkeys (Alouatta fusca) (Afu97, HM134210) (Soares et al. 2011) and guinea pig (Cavia porcellus) (Swegp138, EU769225) in Sweden (Lebbad et al. 2010) . The sequence of the tpi gene fragment was identical to sequences of G. duodenalis trophozoites from cultures from human (IndB, AB569386) and white-faced saki (Pithecia pithecia) (WS1, AB569387) (Suzuki et al. 2011) . Additionally, other nucleotide sequences of the tpi gene from human (Ds2, EU272169), macaque (Barbary macaque) (ISSGdA711, EU637591) kept in a zoo in Italy and tamndua (Tamandua tetradactyla) (GU797247) from zoological garden in Poland were also identical (Cacciò et al. 2008, Solarczyk and Majewska 2011) . The nucleotide sequences of tpi and gdh of G. duodenalis derived from red deer (KJ020273 and KF443203) and Thomson's gazelle (KF443202 and KJ020274) in the present study were deposited in the GenBank database (NCBI). The phylogenetic analysis of gdh nucleotide sequences obtained from the two Giardia isolates placed them in two distinct clusters (Fig. 1) . The sequence obtained from red deer isolate RDP132 was located within clade AIII (assemblage A), whereas the isolate TGP130 retrieved from the Thomson's gazelle was within clade B. Bootstrap analysis indicated strong statistical support for this grouping. The Giardia isolate TGP130 from Thomson's gazelle was inferred to belong to assemblage B.
Many G. duodenalis isolates from different animal species could be established in axenic cultures, and some of them, such as those derived from dogs, are particularly difficult to establish and maintain in vitro (Meloni and Thompson, 1987) . Moreover, differences in growth characteristics (generation times and maximum trophozoite numbers) associated with the G. duodenalis assemblage and sub-assemblage have been observed (Bénéré et al. 2011) . As described, we also observed that the Giardia isolate from red deer (sub-assemblage AIII) could not be maintained in long-term in vitro culture, whereas obtaining and maintaining axenic culture of the parasite isolate from Thomson's gazelle (assemblage B) was successful and long-term. Fig.1 . Phylogenetic relationship of 13 Giardia isolates inferred by the neighbour-joining analysis of the glutamate dehydrogenase nucleotide sequences. The evolutionary distances were computed using the Kimura 2-parameter method and are in the units of the number of base substitutions per site. Isolates from this study: RDP132 -from red deer, and TGP130 -from Thomson`s gazelle. Reference isolates: RB (EF685702), IndB (AB569386), swecat171-cat isolate (EU769223), AD-136 and AD-148 -reference dog isolates (U60986 and U60982), NLR118 -roe deer isolate (DQ100288), 14LC -reference lemur isolate (HQ616623), WS1 -white-faced saki isolate (AB569387); P-15 -reference pig isolate (AY178741); AD-155 -reference rat isolate (AY178745). Giardia muris (AY258618) represents an outgroup
